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In tunnel construction work, dust is generated from rock Respirable Dust, a-Quartz

drilling, rock bolting, grinding, scaling, and transport oper-
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TABLE I
Percentage of time spent on different tasks by tunnel construction workers during samphng as reported by the workers.
Numbers in bold are tasks including three or less measurements

Drill and blast Shotcreting. - TBM Concrete  Outdoor concrete  Electricians  Shaft drilling  Support

Task workers %*  operators % workers % workers % workers % % workers %  workers %
Carpentry 17 43
Charging of explosives 8 0.5
Cleaning 0.7 7
Concrete mixing 0.2
Concreting 8 03 » »
Demolition 7 11 ’ o
Drilling assistance 8 0.8 11
Drilling 14 3 74 35
Electric fitting 0.8 52 6
Grinding 0.8 2
Injection concrete 0.8
Iron work 26 23
Miscellaneous 7 128 27 6 21 5
Mucking/hauling 17
Repair work 5 18¢ 0.6 26
Rock bolting 5 4
Manual scaling 10 25
Mechanical scaling 4
Shotcreting 3 98 1
Spraying of oil 0.1 0.1 0.1 7 0.1
TBM electrician 19€
TBM loading surveillance 24€
TBM operator 25¢
Torch cutting 0.7
Transport/driving 11 7 5
Ventilation repair 3 6
Welding 2 1 5
OutdoorsP 4 2 1 8 16 . 3

. AAverage: percentage of time during which the task was carned out, based on 5-8 hour sampling.
BTunnel boring machine operated, includes three measurements when the tunnel boring machine was not operated.
CTunnel boring machine operated.
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TABLE IV
Exposure of drill and blast workers to total dust, respirable dust, and «-quartz by type of drilling rig

Total dust, mg/m?

Respirable dust, mg/m?

a-Quartz, mg/m>

A

Type of drillingrig  n GMB  GSD® n GM GSD n GM GSD
No cab 7 1.9 7 14 3 1.7
Open cab 8 2.0 8 14 "8 1.7
Closed cab 22 20 23 1.9 23

29

ANumber of measurements.
BGeometric mean:
CGeometric standard deviation.

DEPairs of significantly different means between work conditions using Bonferroni post hoc tests (p < 0.05).

TBM Workers

The TBM workers did not operate the tunnel boring machine
every day due to repair work on the TBM machine and on the
ventilation ducts. When the TBM was operated, the workers
had significantly higher exposure levels for all agents than
when the machine was not operated (p < 0.001) (Table VIII).
The geometric mean exposure of the workers when the TBM

was not operated was 81 percent (total dust), 79 percent (res-
pirable dust), and 90 percent (x-quartz) lower than when the
TBM was operated. There were no significant differences in ex-
posures between work shifts (when operating the TBM), but ex-
posures were lower during the day compared to evening shifts.
The respirable dust exposures while operating the TBM were
50-70 percent lower in the summer (p < 0.01) than during the

TABLE V '
Multiple linear regression models of tasks pe*'rormed related to total dust, respirable dust, and a-quartz exposures in drill
and blast workers
Agent Tasks Regression coefficient? Standard error p
Total dust Intercept amL 0.72 0.078 <0.001
Rﬁdj =027,n=113 Mechanical scaling, %B 0.025 0.008 <0.01
Shotcreting, % 0.015 0.006 <0.05
Drilling (1o cab)| % 0.013 0.004 <0.01
Ventilation repain, % 0.011 0.004 <0.01
Drilling assistance, % —0.006 0.003 <0.05
Respirable dust Intercept 022 0.097 <0.05
Rfdj =0.30,n= 117 Mechanical scaling, % 0.012 0.006 <0.05
Drilling (no cab), % 0.007 0.004 0.06
Repair work, % —-0.007 0.004 0.05
Drilling assistance, % —0.008 0.003 <0.01
Miscellaneous, % -0.010 0.004 <0.01
Manual scaling, % -0.012 0.004 <0.01
Rock bolting, % -0.017 0.004 <0.001
a-Quartz Intercept —4.14 0.122 <0.001
Rfdj =0.38,n=113 Drilling (no cab), % 0.059 0.013 <0.001
Shotcreting, % 0.016 0.007 <0.05
Mucking, % 0.014 0.003 <0001




790 B. BAKKEET AL.
TABLE VI .
Exposure of shotcreting operators to total dust, respirable dust, and a-quartz by type of rig, tunnel breakthrough, and
type of accelerator '
Total dust, mg/m> Respirable dust, mg/m> «-Quartz, mg/m?
nt GMB GSD® n GM GSD n GM  GSD
Type of shotcreting rig (before tunnel breakthrough)
Closed cab 21 2.1DE 1.8 20 1.1° 1.7 4 0.035 43
Open cab 8 8.5P 1.7 10 1.28 30 9 0.012 44
. No cab =~ 46 13.78 1.7 48 4.0PE 1.6 27 0.013 2.3
Tunnel breakthrough (open cab)
After (tunnel open at two ends) 7 1.9 32 6 12 1.8 5 0.012 44
Before (tunnel open at only oneend) - 8 8.5F 17 10 12 30 9 0.012 44
Accelerator (no cab)
Waterglass, Na;SiO4, pH = 11-13 10 16.2 14 10 48 1.3 4 0.014 19
Alkali free, Al>(SO4)3, pH =2-3 36 13.0 1.8 38 37 1.6 23 0.012 24
(closed cab)
Waterglass, NaySiO4, pH = 11-13 14 22 20 13 11 1.8 4 0.035 43
Alkali free, Al,(SO4)s, pH = 2-3 7 1.9 12 7 1.0 1.6 G

ANumber of measurements.
BGeometric mean.
CGeometric standard deviation.

D.Epairs of significantly different means between shotcreting rigs using Mann-Whitney tests (p < 0.05).
FPpairs of significantly different means between before and after tunnel breakthrough using t-tests (p < 0.01).

SNo measurement.

winter and spring season, whereas no difference in total dust and
a-quartz exposure was found by season, although similar
patterns were observed. . ‘
Statistical modeling of the measurement results showed that
the “miscellaneous tasks” and surveillance of loading broken
rock onto the conveyor belt were determinants associated
with increased total dust, respirable dust, and a-quartz expo-
sure on days when the TBM machine was operated. These
models explained 10-17 percent of the variability in exposure

(Table IX).

Tunnel Concrete Workers

Tunnel concrete workers at site A (a railway installation) had
significantly higher exposures compared to those same workers
at other sites (cleaning/purification plants and a sport center) for
the three measured agents (p < 0.001) (Table X). The geomet-
ric mean exposures of the workers at the other sites (B, C,D)
were 48 percent (total dust), 55 percent (respirable dust), and
87 percent (cx-quartz) lower than those of workers at job site A.
The height that the work was being done had no significant influ-
ence on exposure. Measurements on both work shifts (day and

. TABLE VI1

Multiple linear regression models of determinants related to total dust and respirable dust exposure in shotcreters

Agent Determinants Regression coefficient® Standard error P
Total dust Intercept 2.62 0.092 <U.W1
R2 ; = 0.66,n =81 Closed cab (0/1) ~1.88 0.16 <0.001

Open cab (0/1) —0.47 0.24 0.05

Breakthrough (0/1) -1.48 0.32 <0.001
Respirable dust Intercept 1.37 0.085 <0.001
Rﬁdj =0.52,n=84 Closed cab (0/1) ~1.30 0.16 <0.001
Open cab (0/1) ~1.18 0.17 <0.001

AThe regression coefficient yields a factor with which the background level (intercept) should be multiplied to calculate the estimated
geometric mean. For example, a worker who performs shotcreting by using an open cab after breakthrough of the tunnel would have
an estimated total dust exposure of: exp®62-047-148 — exp(262) + exp(-047 * expt14® = 1374 * 0.63 * 0.23 = 2.0 mg/m’.
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TABLE VIII
Exposure of TBM workers to total dust, respirable dust, and a-quartz by operating TBM (yes vs. no), work shift, and season

Total dust, mg/m?

Respirable dust, mg/m? o-Quartz, mg/m?

n? GMB GSD¢ n GM GSD n GM GSD

Operating TBM?

Yes 38 7.0P 1.7 40 2.2 1.8 40 0.46° 2.1

No 3 1.3P 14 3 0.46° 1.9 3 0.046P 2.1
‘Work shift (operating TBM)

Day (6:00 am—4:00 pm) 10 55 2.1 11 1.8 1.9 11 0.43 22

Evening (4:00 pm—2:00 am) 28 7.6 1.5 29 24 1.7 29 0.47 2.0
Season (operating TBM)

Fall o 6 5.3 1.3 8 23 1.2 8 0.31 1.6

Winter 3 11.2 1.8 3 4,0F 1.6 3 0.81 1.5

Spring 21 7.3 1.8 22 2.4E 1.8 22 0.58 2.1

Summer 8 6.6 14 7 1.2EF 14 7 0.28 1.9

ANumber of measurements.
BGeometric mean.
€Geometric standard deviation.

DPairs of significantly different means between operating the TBM versus not operating the TBM using t-tests @ < 0.001).
EFPairs of significantly different means between seasons using Bonferroni post hoc tests (p < 0.05).

evening) were only performed at site A. For this site, there was
no significant difference in exposure between the work shifts for
any of the measured agents.

Statistical modeling of the determinants of total dust ex-
posures found that job site A and the task of welding were
associated with increased exposures of the tunnel concrete
workers. Working at job sites A and B increased the respirable
dust exposures, while the tasks of concreting and demolition
of wooden forms containing the concrete decreased exposures.
An interaction between the task of demolition and job site B
was found for respirable dust, indicating an increased ex-
posure when performing this task at job site B compared to

other job sites. For a-quartz exposure the job sites A, B, and
C, were associated with increased exposure levels, while the
tasks of demolition, drilling, and outdoor work were associ-
ated with decreased exposures. These models explained
36-85 percent of the variance of the dust exposures

(Table XI).

Outdoor Concrete Workers

The geometric mean exposure of the outdoor concrete work-
ers was 71 percent (total dust), 78 percent (respirable dust), and
94 percent (a-quartz) lower than the tunnel concrete workers
(Table I). The geometric mean exposures of total dust,

TABLE IX
Multiple linear regression models of determinants related to total dust, respirable dust, and ar-quartz exposures in TBM workers
Agent Determinants Regression coefficient? Standard error P
Total dust Intercept 1.74 0.104 <0.001
0.002 <0.01

Rﬁdj =0.17,n =38 Miscellaneous, %P

0.006
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TABLE X
Exposure of tunnel concrete workers to total dust, respirable dust, and a-quartz by job site, work height, and work shift
Total dust, mg/m? Respirable dust, mg/m? a-Quartz, mg/m°
n GMB GSD¢ n GM GSD n GM GSD

Job site

Site A 27 5.4 1.4 30 1.6° 1.4 30 0.087% 1.6

Sites B-D 68 2.8 1.5 64 0.72P 1.9 26 0.011E 44
Work height

Ground level A7 33 1.7 75 0.90 2.1 51 0.031 4.5

>5 m above ground 18 34 1.5 19 1.0 1.5 5 0.057 40
Work shift (site A)

Day (6:00 am—4:00 pm) a7 32 1.3 7 2.0 1.3 7 0.112 1.3

Evening (4:00 pm—2:00 am) 20 52 14 23 1.5 14 23 0.081 1.6

ANumber of measurements.

BGeometric mean.

CGeometric standard deviation.

DPairs of significantly different means between job sites using Bonferroni post hoc tests (p < 0.05) (total dust and respirable dust).
Epairs of significantly different means between job sites using Mann-Whitney tests (p < 0.05) (a-quartz). .

respirable dust, and a-quartz at one job site (railway instal-
lation) were 0.88 mg/m® (GSD = 1.7), 0.23 mg/m® (GSD =
1.7), and 0.003 mg/m* (GSD = 1.8), respectively, versus on the
other site (railway installation) 1.2 mg/m® (GSD = 1.8),
0.19 mg/m® (GSD = 1.7), and 0.003 mg/m? (GSD = 1.8), re-
spectively (not shown). The differences between these expo-
sures at these work sites were not significant. Statistical model-

ing of the determinants of respirable dust exposure found that
iron work and demolition were associated with increased
exposures, and iron work was associated with increased a-
quartz exposure. These models explained- 15 percent and
12 percent of the variance of the dust exposures, respectively.
No significant models for total dust exposure were found

(Table XII).

TABLE XI
Multiple linear regression analysis of determinants related to total dust, respirable dust, and a-quartz exposures in tunnel

concrete workers

Agent Determinants Regression coefficient® Standard error p
Total dust Intercept 1.00 0.051 <0.001
Rﬁdj =0.36,n =95 Site A (yes/no) 0.675 0.093 <0.001
Welding, % 0.009 0.005 0.05
Respirable dust Intercept  ° —0.502 0.128 <0.001
Rﬁdj =0.57,n=9%4 Site A (yes/no) 1.06 0.157 <0.001
Site B (yes/no) 0.379 0.144 <0.05
Concreting, % —0.003 0.002 0.06
Demolition, % —0.012 0.002 <0.001
Demolition*Site B, % 0.010 0.004 <0.05
a-Quartz Intercept -5.67 0.246 <0.001
Rﬁdj =0.85,n=56 Site A (yes/no) 332 0.269 <0.001
Site B (yes/no) 3.10 0.333 <0.001
Site C (yes/no) 1.83 0.365 <0.001
Demolition, % —0.007 0.003 <0.05
Drilling, % —0.011 0.005 0.05
Outdoor, % —0.031 0.011 <0.05

AThe regression coefficient yields a factor with which the background level (intercept) should be multiplied to calculate the estimated
geometric mean. For example, a worker at job site A who performs 100% welding during a work shift would have an estimated total dust
exposure of: exp{l-00-+0675+0005°100) — oy 5(100) + expO.675) + exp®XI0) — 3 72 * 1.96 * 2.46 = 13.1 mg/m’.

BPercent time.
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TABLE XII
Multiple linear regression analysis of determinants related to total dust, respirable dust, and «-quartz exposures in outdoor
concrete workers

Agent Determinants Regression coefficient® Qtandard avenn
nuspuavc uust uercept ~1.74 0.099 <0.001
Rﬁdj =0.15,n =40 Iron work, %® 0.005 0.002 <0.05
Demolition, % 0.005 0.002 0.06
a-Quartz Intercept -6.04 0.104 <0.001
Rfdj =0.12,n =40 Iron work, % 0.005 0.002 ~nng

“Ihe regression coefficient yi€lds a factor with which the backgr

ound level (intercept) should be multiplied to calculate the estimated

geometric mean. For example, a worker who performs 60 percent iron work and 40

rcent demolition during a work shift would have an

estimated respirable dust exposure of: exp(~1-74+0.005°6040.005%40) _ gxpy(~1.74) » exp@005"60) + exp(0.005*40) — 0,18 1.35* 1.22 = 0.30 mg/m’.

BPercent time. &

Electricians, Shaft Drilling Workers,
and Support Workers

The geometric mean total dust, respirable dust, and a-quartz
exposures for the electricians in the winter season were 1.5 mg/
m? (GSD = 1.8), 0.67 mg/m® (GSD = 1.4), and 0.014 mg/m?
(GSD = 2.1), respectively (not shown). For the spring season
the geometric mean total dust, respirable dust, and a-quartz ex-
posure was 1.1 mg/m® (GSD = 1.7), 0.85 mg/m? (GSD = 1.4),
and 0.022 mg/m? (GSD = 1.2), respectively (not shown). These
differences were not significant.

Determinants of exposure in shaft drilling and support work
were not evaluated due to too few measurements in these groups
(n =7 and n = 16, respectively).

Perception of Exposure

Only job groups with measurements taken across all three
evaluations of the work conditions (i.e., drill and blast; TBM;
shotcreting; support) were evaluated. Fifteen percent of the mea-
surements were reported by the workers to have been taken un-
der conditions that were worse than usual, and 7 percent of the
time conditions were reported to have been better than usual.
When the conditions were reported to be worse than usual the
most frequent explanation was that the ventilation system was
not functioning. The geometric mean total dust, respirable dust,
and @-quartz exposures when work conditions were reported to

ha “hattar than sneal? vecnn A 7 1 3 2o AN AA-

DISCUSSION

In this study we have investigated factors that influence dust
exposures in tunnel construction as a basis for determining pos-
sible control measures and for further epidemiological analyses.
Information on exposure levels of different tasks was obtained
from the measurements and reports of the duration of the tasks
by the construction workers at the end of the work shift because
it was not possible to measure tasks separately. Information on
other determinants was obtained from observation of the workers
by the industrial hygienist and from the job site superintendent.
The geometric mean exposure to total dust, respirable dust, and
a-quartz for all tunnel workers was 3.5 mg/m® (GSD = 2.6),
1.2 mg/m® (GSD = 2.4), and 0.035 mg/m’ (GSD = 5.0), re-
spectively. A total of 15 percent of the total dust measurements,
5 percent of the respirable dust measurements, and 21 percent
of the a-quartz measurements exceeded the Norwegian OELs
of 10 mg/m’, 5 mg/m®, and 0.1 mg/m?, respectively.!3 (The
American Conference of Governmental Industrial Hygienists
[ACGIH®] Threshold Limit Values [TLVs®] are 10 mg/m?
inhalable dust, 3 mg/m® respirable dust, and 0.05 mg/m’ a-
quartz.)™) TBM workers and shaft drilling workers were highly
exposed to a-quartz, whereas shotcreting operators, TBM work-
ers, and shaft drilling workers were highly exposed to total dust
and respirable dust.

Working in the construction industry per se is not a useful
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Only the shaft drilling workers had larger GSDs but this job
could not be broken down further because of small numbers. The
job groups also provided information on which groups should
be evaluated for exposure reduction strategies. The groupings
do not on their own, however, indicate how to control the ex-
posures of these workers. The statistical models developed in
this study provide information on the types of situations (e.g.,
specific tasks or conditions) and control measures that could
be considered for reducing exposures. The models may not be
suitable for predictions of exposure levels in other underground
construction settings as work organization and excavation meth-
ods can differ considerably between companies and countries.
However, the strong determinants found here are likely to be

fencbnont ten ~thar cattinac althanoh their rhaonitnda mav differ
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Shotcreting Operators

The shotcreting operators were among the highest exposed
workers to total dust (GM = 6.8 mg/m®) and respirable dust
(GM = 2.3 mg/m®). This high level is likely due to the dispersion
of wet concrete as the concrete is accelerated through the nozzle
by compressed air. As expected, use of a closed cab on the rig
had the most important effect on exposure levels. Total dust
and respirable dust exposure levels were reduced by more than
70 percent by using a closed cab compared to no cab.

‘When shotcrete was applied onto the tunnel walls (at the
tunnel face) before the breakthrough of the tunnel, it was typ-
ically done at night after other workers (e.g., drill and blast

workers) had finished their evening shift. When the excavation

hod haan ramnlatad that ic aftar hraalthranoh chnterata wac
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TBM Workers

The TBM workers operated a tunnel boring machine that
drills the entire cross-section of the tunnel. The rock was broken
up by the drill head, loaded automatically on a conveyor belt,
and transported out of the tunnel. The TBM workers were highly
exposed to total dust (GM = 6.2 mg/m?), respirable dust (GM =
2.0 mg/m?), and a-quartz (GM = 0.39 mg/m®). The dust expo-
sure levels were significantly higher when the TBM operated
than when it did not. When the machine was not operated, the
workers did various types of repair work on the TBM and ventila-
tion ducts or Jaid down rails to trapsport workers and equipment
to the tunnel face, resulting in low exposures. The TBM had a
closed operator cab, but the operator seldom kept the door closed
because the conveyor belt neededto be monitored. A statistical
difference was found in respirable dust exposures between sea-
sons with highest in the winter and lowest in the summer, a
pattern also seen for total and a-quartz. We have no explanation
for this phenomenon. The multivariate models did not explain
much of the variability in exposure ( 10%~17%), probably be-
cause operation of the TBM was the most important source of
dust exposure. There were small differences among the tasks,
although supervision of the loading rock and “miscellaneous
tasks” were associated with slightly increased exposure levels.

Concrete Workers
k either in tun-
first erect steel
of the steel is
1is constructed
umatic air and
linto the wood
orm is demol-
blasted by the
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oyer had prob-
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(36%—85%).
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performing demolition at site B compared to other sites. A pos-
sible explanation for this result is that at job site B, in addition to
wooden forms, large scaffoldings were constructed and demol-
ished, whereas at other sites scaffoldings were not constructed.
When the scaffoldings were demolished, deposited dust may
have been redispersed throughout the work area leading to high
exposure of these workers.

As expected, substantially lower exposure levels were ob-
served among outdoor concrete workers compared to those who
worked in the tunnels. The models explaining the exposure of
the tunnel concrete workers and the outdoor concrete workers
were different, although the workers in these two groups per-
formed the same type of work. A likely explanation is that in
the tunnels, the concrete workers were subject to bystander ex-
posures because other job groups were working simultaneously,
in contrast to the outdoor workers. Furthermore, the ventilation
of the tunnels was probably less effective in removing dusts from
the area than the natural air currents occurring outdoors.

Self-Assessment of Exposure

The workers were asked after the sampling about their per-
ception of work conditions during the day to investigate if they
were able to assess their own work atmosphere qualitatively.
The majority of answers was that the exposure condifion was “as
usual,” indicating that tunnel workers are used to large variations
in exposure conditions (i.e., GSD = 2.9 for total dust). However,
the results suggest that workers can distinguish between normal
and higher-than-normal exposure, which can be used in the eval-
uation of the effectiveness of controls when workers complain
of dusty conditions.

Concluding Remarks

The use of ventilated, closed cabs seems to be the single
most important control measure for lowering exposures for these
workers. The effectiveness of a cab depends on the type of fil-
ter installed at the air intake, the cleanliness of the cab, and the
practice of keeping doors and windows closed. The cab will also
protect the worker against noise and draft. Cab use is importantin
several of the tasks performed in underground construction (me-
chanical scaling, mucking, drilling, shotcreting, and transport).

The type of drilling equipment can greatly affect the ex-
posure. The TBM machines produced greater amounts of dust
compared to the drill rigs used by the drill and blast crew. Effects
of different dust control systems on the TBM machine and the
use of water to reduce dust dispersion throughout the work area
should be evalyated.

Although only investigated for the shotcreting operators, the
phase of the production process (i.e., before or after break-
through of the tunnel) and whether jobs are performed simulta-
neously with other jobs are expected to be important determi-
nants of exposure of several jobs (i.e., concrete work, electrical
work). An investigation of the effect of chemical admixtures on
dust exposure in shotcreting and improvement of the ventilation
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system (i.e., use of local exhaust ventilations) should be subject
for further study.

By modeling the exposures it was found that tasks were
important determinants of exposure in several job groups. If
restricting time used on high exposed tasks is not feasible, the
use of personal protective equipment should be enforced when
performing such tasks.

These data were collected for assessing exposures in an epi-
demiological study. Analyses of the data identified several im-
portant determinants that will be considered for estimating expo-
sures. In further epidemiological analyses, information on job
group, cab use, duration of task performed, and a distinction
between various drilling equipment seems reasonable when es-
timating exposures. Such determinantssmay also be important
in other epidemiological studies of tunnel workers and there-
fore should be included in any questlonnaure administered to the
workers.

CONCLUSIONS

The results show that job group, tasks, and equipment are
important determinants of dust exposure. The use of ventilated,
closed cabs seems to be the single most important control
measure for lowering exposures.
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